Abstract There are several data concerning transporters expression and/or regulation in cell lines maintained in different conditions, such as medium glucose concentration. This work aimed to evaluate the influence of two different extracellular glucose concentrations, commonly used in culture media, on the intestinal absorption of organic cations. Thus, the effect of 5.5 mM glucose and 25 mM glucose (HG) in culture media, was studied on [ 3 H]-MPP ? (1-methyl-4-phenylpyridinium iodide) uptake in Caco-2 cells. Expression of human organic cation transporter type 1 (hOCT1) and human organic cation transporter type 3 (hOCT3) was investigated in cells cultured at both glucose concentrations. [ 3 H]-MPP ? uptake, as well as its affinity for the transporter, were significantly decreased in HG cells. Moreover, hOCT3 mRNA levels were reduced in HG cells. Functional confirmation of this result was made using hOCT3 inhibitors. In conclusion, maintenance of Caco-2 cells (commonly used in several in vitro studies on membrane transport) in HG conditions affects organic cation transport at the intestinal level. Hence, results obtained in these conditions must be analysed with great care, since extracellular glucose levels may originate changes in organic cation nutrient and drug bioavailability.
Introduction
It has been well established that high glucose environments favour oxidative stress through mechanisms that include nonenzymatic, enzymatic and mitochondrial pathways. As a consequence, cellular components (lipids, proteins and nucleic acids) may undergo significant modifications that can culminate in cell injury. Several reports focusing on aging and diabetes mellitus have implicated high extracellular glucose concentrations in significant alterations in regulatory and functional activity of proteins (Cornford et al. 1995; Giannico et al. 2007; Ha and Lee 2000; Hahn et al. 1998; Noyman et al. 2002; Stevens et al. 1999) . If transporters that regulate molecule transfer in exchange surfaces (like the intestinal epithelium) are targets of such glucose-induced alterations, bioavailability of their substrates can be compromised.
Hence, this work was performed in order to evaluate the influence of long-term exposure of Caco-2 cells to high extracellular glucose concentrations on the functional activity of intestinal organic cation transporters. Organic cations are polar and positively charged compounds at physiological pH, and so membrane-bound transport systems are necessary for the absorption, distribution, and elimination of these compounds. Therefore, intestinal transporters play a crucial role in limiting and/or promoting the absorption or secretion of organic cations (Hardman et al. 2002) . The class of organic cations includes numerous therapeutic drugs, but also endogenous bioactive amines, xenobiotics and nutrients.
Caco-2 cells are extensively used as an enterocyte cell model in physiological studies (Artursson 1991; Artursson and Karlsson 1991; Delie and Rubas 1997; Hidalgo et al. 1989; Lennernas 1997; Muller et al. 2005; Yee 1997 ). Different culture conditions, such as seeding density or medium composition, are recognized as important culture-related factors, being able to modify cell phenotype (Sambuy et al. 2005) . Thus, it is difficult to discuss results obtained with Caco-2 cells from different labs, as they are maintained in different culture conditions. In relation to glucose concentration, there are several published data concerning OCTs expression and/or regulation in cell lines maintained in MEM [5.5 mM glucose; (Martel et al. 2000) ] or DMEM [25 mM glucose; (Hayer-Zillgen et al. 2002; Kimura et al. 2009) ], but the influence of medium glucose concentration on organic cation transport remained unexplored.
Thus, the present work aim to investigate the transport of the model organic cation [
H]-MPP
? in Caco-2 cells maintained under physiological (5.5 mM) or high (25 mM) glucose concentrations. According to the literature (Martel et al. 2001) , organic cation transporter 1 (hOCT1) and organic cation transporter 3 (hOCT3 or hEMT) are the transporters implicated in organic cation uptake at the brush-border membrane of Caco-2 cells. So, investigation of mRNA expression levels of these two [
? transporters was also performed for both culture conditions. Transport studies were performed in cells cultured on plastic supports, [
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3 H]-MPP ? being applied to the medium facing the apical cell membrane. Initially, the growth medium was aspirated and the cells were washed with Hanks' medium at 37°C; then the cell monolayers were preincubated in Hanks' medium at 37°C. Uptake was then initiated by the addition of 0.3 mL medium at 37°C containing 200 nM [ 3 H]-MPP ? . Incubation was stopped after 5 min by placing the cells on ice and rinsing them with 0.5 mL ice-cold Hanks' medium. The cells were then solubilized with 0.3 mL of 0.1% (v/v) triton X-100 (in 5 mM tris.HCl, pH 7.4), at room temperature overnight. Radioactivity in the cells was measured by liquid scintillation counting. In kinetic experiments, cells were preincubated for 60 min with Hanks' medium and incubated with increasing concentrations of [
3 H]-MPP ? (0.2-500 lM) for 5 min. Compounds to be tested (corticosterone and clonidine) were present during both the preincubation and incubation periods. Controls (ethanol) for these treatments were run in the presence of the solvent (1%).
RNA extraction and RT-PCR
RNA was extracted from the cells, from three independent cultures, using Tripure Isolation Reagent (Roche, Indianapolis, USA), according to the producer's instructions. RNA was dissolved in water (diethylpyrocarbonate-treated) and stored at -80°C.
Five lg of RNA were used as template for cDNA production through incubation with reverse transcriptase (Reverase, Bioron GmbH) for 1 h at 45°C, in 10 lM random hexamers, 0.375 mM per dNTP, 3 mM MgCl 2 , 75 mM KCl, 50 mM Tris-HCl, pH 8.3, 10 mM dithiothreitol, and 40 units RNase inhibitor (RNaseOUT TM ; Gibco BRL), followed by 10 min at 95°C to inactivate the enzyme. Samples were incubated for 30 min at 37°C with 0.1 mg/mL RNAse (Sigma). PCR amplification was performed in the presence of 2 mM of MgCl 2 , 0.5 mM of primer, 0.2 mM dNTPs, 2 U of Taq DNA polymerase (DFSTaq DNA polymerase, Bioron GmbH) and 4 lL of RT product, in a final volume of 50 lL. Simultaneous amplification of the invariant housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAP-DH) was performed.
The following primers, for human organic cation transporter 3 (hOCT3), human organic cation transporter 1 (hOCT1) and GAPDH were used: 5 0 -CAC ACT TAT TCT TAT GTT TGC TTG-3 0 (forward primer hOCT3), 5 0 -GAT AGC TCC TTC TTT CTG TCT TTG-3 0 (reverse primer hOCT3), 5 0 -TGG GAA GTT GCC TCC TGC TGA TT-3 0 (forward primer hOCT1), 5 0 -CAG ACC TCC CTC AGC CTG AAG ACT AT-3 0 (reverse primer hOCT1), 5 0 -ACT GGC GTC TTC ACC ACC AT-3 0 (forward primer GAP-DH), 5 0 -TCC ACC ACC CTG TTG CTG TA-3 0 (reverse primer GAPDH; primers from Metabion International-Martinsried, Deutschland). Thermocycling consisted of 34 cycles of 30 s at 94°C, 1 min at 54°C (hOCT1) or 55°C (hOCT3 and GAPDH) and 1 min at 72°C. The predicted sizes of the PCR products were (in bp): 550 (hOCT1), 654 (hOCT3) and 682 (GAPDH). PCR products were visualized on a 1.6% agarose gel with ethidium bromide staining. The expression of all tested enzymes was normalized to the expression of GAPDH of each sample and compared using Gel Pro Analyser Ò software.
Protein determination
The protein content of cell monolayers was determined using Bradford methodology as described (Bradford 1976) , with human serum albumin as standard.
Kinetic studies Kinetic parameters were determined by non-linear regression analysis using the following equation:
where V is the velocity of the uptake, Km is the substrate binding affinity or MichaelisMenten constant, V max is the maximum transport capacity, [S] is the concentration of 3 H-MPP ? and Kd is the diffusion coefficient. Analysis was made using Graph Pad Prism Software version 3.02.
Statistics
Values are expressed as the arithmetic mean ± SEM. Statistical significance of the difference between various groups was evaluated by one-way analysis variance (ANOVA) followed by the Bonferroni test. For comparison between two groups, Student's t-test was used. Differences were considered to be significant when P \ 0.05.
Results
As previously reported (Martel et al. 2000 ? uptake was found to be significantly reduced in HG cells (0.16 ± 0.0 pmol/mg protein/min; n = 6) relatively to control cells (0.36 ± 0.01 pmol/mg protein/min; n = 6; Fig. 1) .
The concentration dependency of the initial uptake rates was next studied by incubating Caco-2 cells with increasing concentrations (0.2-500 lM) RT-PCR analysis of both hOCT1 and hOCT3 mRNA transcription was performed in control and HG Caco-2 cells. Amplification products were obtained with both hOCT3 and hOCT1 primers. Interestingly enough, quantification of the transcription showed a significant reduction of hOCT3 transcription in HG Caco-2 cells by comparison with control cells (Fig. 2) .
Finally, two inhibitors of OCT-mediated [ 3 H]-MPP
? uptake were also tested in both cultures of cells. As shown in Fig. 3 , both compounds inhibited
? uptake in control Caco-2 cells. Corticosterone (300 lM) inhibited uptake to 57.5 ± 10.9% of control (control cells) and to 77.9 ± 2.41% of control (HG cells); corticosterone (1 lM) as well as clonidine (50 lM) were also able to inhibite [ 3 H]-MPP ? uptake in control cells, but had no effect on HG cells. These results showed that high glucose levels interfered with the characteristics of [ 3 H]-MPP ? transport, HG cells being less sensitive to the effect of these inhibitors than control cells.
Discussion
The purpose of this study was to evaluate the influence of different extracellular glucose concentrations on the functional activity of intestinal organic cation absorption.
[ ? for 5 min. Each value represents the mean ± SEM of the triplicates of two independent experiments (n = 6). * P \ 0.05 in comparison to control cells , maximum transport capacity (V max ) and diffusion coefficient (Kd) for this substrate were determined by nonlinear regression analysis. Each value represents the mean ± SEM of the triplicates of at least three different experiments (n = 12). The values followed by (*) in each column are significantly different at P \ 0.05
The maximum transport capacity did not present significant differences between both conditions, although it was slightly decreased in HG Caco-2 cells. On the other hand, in these cells there was a significant increase in Km value, meaning that the affinity of the transporter for [ 3 H]-MPP ? was decreased. According to the literature (Martel et al. 2001) , organic cation transporter 1 (hOCT1) and organic cation transporter 3 (hOCT3 or hEMT) are the transporters implicated in organic cation uptake at the brush-border membrane of Caco-2 cells. In order to examine the expression of these two transporters, RT-PCR quantification of mRNA levels for these two transporters was performed. Interestingly, hOCT3 transcription was downregulated in HG cells, whereas hOCT1 mRNA levels were not affected. (Martel et al. 2001; Muller et al. 2005 ), clonidine reduced [
H]-MPP
? uptake in control cells, but had no effect on [ 3 H]-MPP ? uptake in HG cells, suggesting that these cells became insensitive to clonidine. Moreover, corticosterone was tested in two concentrations (300 lM and 1 lM) (Martel et al. 2001) . Again, HG cells, compared to control cells, presented a loss of responsiveness to corticosterone (this compound was even devoid of effect at 1 lM). The loss of responsiveness to 1 lM corticosterone in HG cells was in good agreement with the observed reduction of hOCT3 expression in these cells, because inhibition of transport by such a low concentration of corticosterone is usually interpreted to reflect inhibition of hOCT3-mediated transport. Altogether, these results suggest that high extracellular glucose concentration affects hOCT3 mRNA transcription and protein activity levels in Caco-2 cells. Similarly, it was previously demonstrated that Caco-2 cells maintained in a 25 mM glucose medium, has a decreased PepT-1 transport activity (D'Souza et al. 2003) . According to these authors, an oxidative pathway seems to be responsible for this effect. In top of this, it is known that diabetes also affects the intestinal absorption of several nutrients, e.g. glucose and lipids (Thomson and Wild 1997) , amino acids (Casirola et al. 1994; Contreras et al. 1997) , dipeptides and tripeptides (Adibi 2003) , mannitol (Carratu et al. 1999) , vitamin A (Basu and Basualdo 1997) , and calcium (Schedl et al. 1995) . Also, high glucose levels (the hallmark of diabetes) cause an inhibition of the folate transporter RFC1 (Reduced Folate Transporter 1; Naggar et al. 2002) , and of the plasmalemmal serotonin transporter (SERT; Goncalves et al. 2008) . Despite the recent attention given to the role of oxidant state on regulation of biochemical mechanisms in cells (Burgoyne et al. 2007) , there is a gap in the literature concerning the importance of the redox state on OCT1-or OCT3-mediated transport, although these transporters possess several amino acid residues in intra-and extracellular domains (Grundemann et al. 1998; Hayer et al. 1999 ) that are prone to oxidation. Altogether, these results are compatible with a modulation of organic cation transport in Caco-2 cells through redox mechanisms, as has been previously advanced (Faria et al. 2006 ).
In conclusion, this work's data support the influence of extracellular glucose concentration upon organic cations transport in intestinal epithelial cells. So, organic cation transport results obtained in studies in which Caco-2 cells were cultured in high (25 mM) glucose medium concentration must be analysed with great care.
